We have developed a soft-material elastic modulus and shear modulus sensor using piezoelectric cantilevers. A piezoelectric cantilever is consisted of a highly piezoelectric layer, e.g., leadzirconate-titanate bonded to a nonpiezoelectric layer, e.g., stainless steel. Applying an electric field in the thickness direction causes a piezoelectric cantilever to bend, generating an axial displacement or force. When a piezoelectric cantilever is in contact with an object, this electric field-generated axial displacement is reduced due to the resistance by the object. With a proper design of the piezoelectric cantilever's geometry, its axial displacements with and without contacting the object could be accurately measured. From these measurements the elastic modulus of the object can be deduced. In this study, we tailored the piezoelectric cantilevers for measuring the elastic and shear moduli of tissue-like soft materials with forces in the submilli Newton to milliNewton range. Elastic moduli and shear moduli of soft materials were measured using piezoelectric cantilevers with a straight tip and an L-shaped tip, respectively. Using gelatin and commercial rubber material as model soft tissues, we showed that a piezoelectric cantilever 1.5-2 cm long could measure the elastic modulus and the shear modulus of a small soft material sample ͑1 -3 mm wide͒ in the small strain range ͑Ͻ1%͒. For samples 5 mm high, the resultant compressive ͑shear͒ strains were less than 0.5% ͑1%͒. The measurements were validated by ͑1͒ comparing the measured Young's modulus of the commercial rubber sample with its known value and ͑2͒ by measuring both the Young's modulus and shear modulus on the samples and confirming the thus deduced Poisson's ratios with the separately measured Poisson's ratios.
I. INTRODUCTION
A typical soft-material/tissue mechanical property tester requires an external force ͑displacement͒ applicator and an external displacement ͑force͒ gauge.
1-3 The force ͑displace-ment͒ generator may be hydraulic or piezoelectric and the displacement ͑force gauge͒ may be optical or piezoelectric. Regardless of the mechanism of force/displacement generation and displacement/force detection, typical tissue/softmaterial mechanical testing is destructive and it requires specimens be cut to a disk shape to fit in the tester. In addition, a compressive elastic modulus tester, e.g., an Instron is also different from a shear modulus tester, e.g., a rheometer. 4 Currently, no single instrument measures both the compressive Young's modulus and the shear modulus of a sample.
The purpose of this study is to develop a piezoelectric cantilever sensor that can measure the elastic and shear properties of soft materials or tissues using small samples, e.g., a few millimeters in size, and small strain range, e.g., ഛ1% using gelatin gels and a commercial rubber as a model for soft tissues. To satisfy these requirements, the sensors must operate in a few microns to a few tenths of micron displacement range, a submilliNewton to milliNewton force range, and a force constant on the order of 100 N / m. A piezoelectric cantilever consists of a highly piezoelectric layer, e.g., lead-zirconate-titanate ͑PZT͒ bonded to a nonpiezoelectric layer, e.g., stainless steel as schematically shown in Fig. 1͑a͒ . The needed force can be conveniently generated by applying a voltage across the thickness of the piezoelectric layer, which via the converse piezoelectric effect will cause the cantilever to bend, thus creating an axial displacement or force that can be used to generate stress on a soft tissue sample. Conversely, the corresponding displacement can be measured electrically via the direct piezoelectric effect. This will offer the potential to apply a force and measure the corresponding response using one single device. The fingerlike shape of a piezoelectric cantilever is also good for potential in situ local elastic measurements on samples of irregular shapes. The present study will focus on establishing the elastic and shear modulus measurements without electrically sensing the displacements. Studies involving electrically sensing the displacement will be published in a separate article.
II. THEORETICAL BACKGROUND

A. Piezoelectric cantilever background
A piezoelectric cantilever consists of a highly piezoelectric layer, e.g., PZT bonded to a nonpiezoelectric layer, e.g., stainless steel is schematically shown in Fig. 1͑a͒ . When an electric field is applied opposite to the polarization of the a͒ Author to whom correspondence should be addressed; electronic mail: shihwy@drexel.edu piezoelectric layer, the d 31 piezoelectric coefficient causes the piezoelectric layer to shrink laterally but not the nonpiezoelectric layer. The nonuniform distribution of the piezoelectric coefficient, d 31 , in the thickness direction ͑i.e., a nonzero d 31 for PZT and a zero d 31 for stainless steel͒ creates a difference in the lateral strain ͑x direction͒ between the piezoelectric PZT layer and the nonpiezoelectric stainless steel layer ͓see Figs. 1͑b͒ and 1͑c͔͒. This causes the piezoelectric cantilever to bend under constrained conditions as depicted schematically in Fig. 1͑d͒ and produces an axial displacement, d͑x͒, in the y direction that varies with the lateral position x and maximizes at the free end. For a piezoelectric cantilever of length L, width w, piezoelectric layer thickness t p , and Young's modulus E p , nonpiezoelectric layer thickness t n and Young's modulus E n , the axial displacement, d͑x͒, due to an applied electric field, E, in the thickness direction at position, x, measured from the clamping position, is
where M is the bending moment due to the applied electric field that can be expressed as
and D the bending modulus per unit width
The effective spring constant, K, at the cantilever tip can be expressed as
With an applied electric field E, in the thickness direction and a concentrated force, F, exerted at the cantilever tip, x = L, the total axial displacement, d͑L͒, at the cantilever tip is then
B. Piezoelectric cantilever with a soft material
Compressive test
Consider a piezoelectric cantilever in contact with a soft material, e.g., gelatin of area A c , and height h c as schematically shown in Fig. 2͑a͒ . The entire surface area A c of the soft material is in contact with the piezoelectric cantilever tip surface to fulfill the regular compression test geometry. When a voltage is applied across the thickness of the piezoelectric layer, the axial displacement is reduced due to the resistance force from the soft material. At a given applied voltage V, and denoting the cantilever-tip axial displacement at a given voltage in the absence and presence of the soft materials as d 0 and d gel ͓as schematically illustrated by Figs. 2͑a͒ and 2͑b͒, respectively͔ the resistant force F, exerted by the soft material on the piezoelectric cantilever, is F = K͑d 0 − d gel ͒. It follows that the resultant compressive stress and strain, c and c , of the soft material can, respectively, be expressed as
The compressive elastic modulus, Y, the soft material is obtained as
Shear test
Consider a piezoelectric cantilever with an L-shape tip and the tip in contact with a soft material, e.g., gelatin of area A s , and height h s , as schematically shown in Fig. 3͑a͒ . The entire surface area A s of the soft material is in contact with the piezoelectric cantilever tip surface to fulfill the regular shear test geometry. When a voltage is applied across the thickness of the piezoelectric layer, the axial displacement is FIG. 1. ͑a͒ A schematic of a piezoelectric cantilever composed of a piezoelectric layer, e.g., PZT, bonded to a nonpiezoelectric layer, e.g., stainless steel, a schematic side view of a piezoelectric cantilever ͑b͒ with zero electric field, ͑c͒ in an electric field opposite to the polarization direction of the piezoelectric layer if unconstrained, ͑d͒ bending in an electric field opposite to the polarization with an axial displacement, d͑x͒, in the y direction.
FIG. 2.
A schematic of a piezoelectric cantilever performing a compression test on: ͑a͒ a soft material, and ͑b͒ without a soft-material sample. With an applied electric field, E, axial displacements in the y direction generated at the free end of the cantilever in ͑a͒ and ͑b͒ are, respectively, d gel and d 0 .
reduced due to the resistance force from the soft material. At a given applied voltage V, denoting the cantilever-tip axial displacement at a given voltage in the absence and presence of the soft materials as d 0 and d gel ͓as schematically illustrated by Figs. 3͑a͒ and 3͑b͔͒, respectively, the resistant force F, exerted by the soft material on the piezoelectric cantilever, is F = K͑d 0 − d gel ͒. Provided that there is no slippage between the L-shape tip and the soft materials surface, it follows that the resultant shear stress and strain, s and s , of the soft material can, respectively, be expressed as
and
The shear modulus G of the soft material will be obtained using
III. EXPERIMENT
Piezoelectric cantilevers of various sizes ͑with width ranging 3 -5 mm and length ranging 15-25 mm͒ were fabricated by bonding a PZT layer of 127 m thickness ͑105-H4E-602, Piezo Systems, Boston, MA͒ to a 50 m thick stainless steel foil ͑Alfa Aesar, Ward Hill, MA͒ using a conductive glue ͑GC Electronics, Rockford, IL͒. After gluing, cantilevers were placed in an 80°C oven overnight. The edges were sanded to make sure the top and bottom electrodes of the PZT were well insulated. The capacitance and the dissipation ͑D͒ factor of a piezoelectric cantilever were measured using an HP 4192A LF impedance analyzer ͑Hewlett-Packard͒. The displacements of the cantilever were measured using a laser displacement meter, Keyence model LC-2450 ͑Keyence Corporation, Osaka, Japan͒ with a resolution of 0.5 m. HP E3631A ͑Hewlett-Packard͒ was used as the programmable dc voltage source. The measurements were conducted on a Newport optical table ͑RS1000, Newport Corporation, Irvine, CA͒ to minimize low-frequency background vibrations. The model soft tissues used in this study were gelatin gels, which exhibited an elastic modulus comparable to those of soft tissues and have been frequently used as model tissues in medical ultrasonic studies. 6 Gelatin gels of various concentrations were prepared by dissolving unflavored gelatin dry powder ͑Knox Company, Parsippany, NJ͒ in hot water ͑about 70°C͒ followed by cooling at room temperature overnight. Also included in this study is a tissuelike commercial soft rubber material ͑Versaflex CL2000X, courtesy of GLS Corporation, McHenry, IL͒ with a known Young's modulus of about 100 kPa. The Versaflex CL2000X rubber was used to validate the measurement methods developed in this study. Unless otherwise mentioned, all reported data were the average of 3-4 samples.
IV. RESULTS AND DISCUSSION
A. Piezoelectric cantilever characterization
The effective spring constant, K, of every cantilever used in this study was obtained by placing different weights at the cantilever tip and measuring the corresponding displacements. A typical force versus displacement curve of a piezoelectric cantilever is shown in Fig. 4 where the length and width of this piezoelectric cantilever were 17 and 2.5 mm, respectively. With Eq. ͑4͒, the theoretical spring constant of this piezoelectric cantilever was calculated to be 72 N / m. The experimental data points were shown as full circles. With the slope from the experimental data points in Fig. 4 we obtained an experimental value of 78 N / m for the effective spring constant, K, consistent with the theoretical value of 72 N / m calculated from Eq. ͑4͒.
When applying a voltage across the PZT layer, an axial displacement was generated along the length of the cantilever. A typical displacement, d͑x͒ versus x obtained with a cantilever 17 mm long and 2.5 mm wide at 40 V is plotted ͑open squares͒ in Fig. 5͑a͒ where x is measured along the length of the cantilever. Also shown in Fig. 5͑a͒ is the calculated curve using Eq. ͑1͒. Figure 5͑b͒ shows the displacement at the cantilever tip ͑full squares͒ as a function of the applied voltage. Also shown are the calculated values ͑open circles͒. As can be seen from both the calculated and experimental results in Fig. 5͑b͒ , the displacement at the cantilever tip can be precisely controlled by an applied voltage. In Fig.  6͑a͒ , we plot the displacement at the cantilever tip versus applied voltage in the presence of a concentrated force exerted at the cantilever tip. The concentrated force was generated by placing a weight on the cantilever tip. In this experiment, both the concentrated force and the applied voltage   FIG. 3 . A schematic of a piezoelectric cantilever with an L-shape tip performing a shear test on: ͑a͒ a soft-material sample and ͑b͒ without a softmaterial sample. With an applied electric field, E, axial displacements in the x direction generated at the free end of the cantilever in ͑a͒ and ͑b͒ are respectively, d gel and d 0 .   FIG. 4 . A typical force vs displacement curve obtained by placing different weights at the cantilever tip. The slope of the curve gives the effective spring constant, K, for the piezoelectric cantilever.
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caused the cantilever to bend in the same direction, i.e., downward.
To show that the total axial displacement at the tip in the presence of both an applied voltage across the piezoelectric layer and a concentrated force was the sum of the two contributions, we replot in Fig. 6͑b͒ the data in Fig. 6͑a͒ as d-F / K versus V where d is the measured axial displacement, F the concentrated force exerted at the tip, and K the effective spring constant at the cantilever tip. Clearly within the experimental uncertainty which was 1 m, all data points collapsed into one line, indicating that the axial displacement was indeed a linear combination of that generated by an electric field across the piezoelectric layer and that generated by a concentrated force at the tip. That axial displacements produced by an electric field and axial displacements produced by a force are additive is the basis of the analyses concerning the compressive and shear tests of soft materials using a piezoelectric cantilever. Note that Figs. 6͑a͒ and 6͑b͒ clearly show that this piezoelectric cantilever could resolve forces in the range of a few tenths of a mN to a few mN. The objective of the compressive and shear measurements was to measure the elastic and shear moduli using forces in the submilliNewton to milliNewton range.
B. Compression tests
We chose gelatin as the model tissue system because it is fairly linearly elastic for strains below 10% with the Young's modulus ranging a few kPa to a few hundred kPa for concentrations 0.01-0.18 g / ml. 7 Three concentrations of gelatin were used in the present study: 0.05, 0.07, and 0.14 g / ml. The elastic and shear moduli of gelatin gels can vary with a number of factors such as the cooling and measurement temperatures, how the gels were prepared, and how long the gels were left to age. We made sure that the gels were prepared and left to solidify in the same manner, i.e., they were left to gel at room temperature overnight and that the comparison between the elastic modulus and shear modulus was only made with measurements obtained on the same samples within 1 h so that the comparison was meaningful. Also included in this study is a gel-like commercial soft rubber material, Versaflex CL2000X, with a known elastic modulus of about 100 kPa to validate the measurements.
As schematically shown in Fig. 2͑a͒ , all soft materials were first cut to the desired dimensions. To use Eqs. ͑6͒-͑8͒ to analyze the results, typical sample surface area was kept at 2-3 mmϫ 2 -3 mm. This will ensure that: ͑1͒ the entire top surface of the soft material was in contact with the cantilever and ͑2͒ the contact area was small compared to the cantilever length, 16-20 mm, so that the longitudinal variation of the axial displacement within the contact area could be ignored. The height of the gelatin samples was 5 mm and that of the Versaflex CL2000X samples was 2.6 mm. The bottom surface of the soft material was firmly attached to a platform 6 . ͑a͒ Displacement at the cantilever tip vs applied voltage with various forces acted at the cantilever tip and ͑b͒ displacement F / K vs applied voltage. That displacement F / K for various forces all collapsed on one curve indicated that displacements generated by either a force or an applied voltage are additive and that a force can be generated at the cantilever tip by applying a voltage to the cantilever.
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Markidou, Shih, and Shih Rev. Sci. Instrum. 76, 064302 ͑2005͒ using a double-sided tape. The top surface of the soft material was glued to the cantilever tip with a double-sided tape. After attaching the cantilever to the sample surface with a double-sided tape, we prestrained the sample with a 2 V applied voltage so that the cantilever was in firm contact with the sample surface. In what follows, all compression tests as well as shear tests were carried out with a 2 V prestraining. A laser displacement is placed 5 cm above the cantilever to measure the axial cantilever tip displacement ͓see Fig. 2͑a͔͒ . The result of the compression test is shown in Figs. 7͑a͒-7͑d͒. In Fig. 7͑a͒ we plot the cantilever tip displacement without samples ͑full squares͒, and that with 0.05 ͑open circles͒, 0.07 g / ml ͑open triangles͒, 0.14 g / ml ͑open squares͒ gelatin gels, and that with the Versaflex CL2000X rubber samples ͑open diamonds͒. It can be seen that the displacements were in the microns to tens of microns range and therefore the forces exerted on the samples were in the submilliNewton and milliNewton range. Figures 7͑b͒ and 7͑c͒ show the stress and strain in the sample deduced using Eqs. ͑6͒ and ͑10͒ where d 0 was the cantilever tip displacement without samples ͓full squares in Fig. 7͑a͔͒ . It is worth noting that because the height of the rubber sample was about half that of the gelatin samples, the strains achieved in the rubber samples were about twice or more than twice as high as those of the gelatin samples. Figure 7͑d͒ shows the resultant FIG. 7 . ͑a͒ Displacement at the cantilever tip vs applied voltage, ͑b͒ compressive stress vs applied voltage, ͑c͒ strain vs applied voltage, and ͑d͒ the stress vs strain curves in compression tests.
FIG. 8. ͑a͒
Shear strain vs applied voltage, ͑b͒ deduced shear stress versus applied voltage, and ͑c͒ shear stress vs shear strain in shear tests.
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Soft-materials elastic and shear moduli Rev. Sci. Instrum. 76, 064302 ͑2005͒ stress versus strain curve. The slopes of the curves in Fig.  7͑d͒ yielded Young's moduli of 40± 5, 63± 6, and 110± 10 kPa for the 0.05, 0.07, and 0.14 g / ml gelatin, respectively. These values are comparable to the Young's moduli reported in Ref. 7 . Meanwhile, the obtained Young's modulus of 98± 8 kPa for the Versaflex CL2000X rubber was in line with its known elastic modulus of about 100 kPa.
C. Shear tests
Because the elastic properties of gelatin gels can vary depending on the temperature and how they were made and aged, all the shear measurements were made on the samples immediately after the compression experiments shown in Sec. IV B such that the measured shear moduli could be meaningfully related to the Young's moduli. A schematic of the shear experiments was shown in Fig. 3͑a͒ where a piezoelectric cantilever with an L-shaped tip was held vertically. The bottom surface of the sample was fixed to a horizontal platform as in the compression experiment. The top surface of the sample was now attached to the bottom side of the L-shaped tip with a double-sided tape. As in the compression experiments, we made sure that the sample size was small enough such that the entire top surface of the sample was in contact with the L-shaped tip of the cantilever such that Eqs. ͑9͒-͑11͒ could be applied to analyze the shear measurement results. When a voltage was applied to the PZT layer of the cantilever, the axial displacement of the cantilever tip was now in the lateral direction. Because the bottom side of the L-shaped tip was fixed to the top surface of the gelatin gel, the lateral cantilever tip displacement thus generated a lateral displacement at the top gel surface and created a shear strain within the sample. With the measured cantilever tip displacement with or without samples, the shear strain and shear stress were deduced using Eqs. ͑9͒-͑11͒. The resultant shear strain and shear stress versus the applied voltage were shown in Figs. 8͑a͒ and Fig. 8͑b͒ , respectively. Comparing Fig. 8͑a͒ with Fig. 7͑b͒ , it can be seen that for the same system and the same applied voltage, the strains achieved in the shear tests were more than twice as high as those achieved in the compression experiments. In Fig. 8͑c͒ , we plot the resultant shear stress versus shear strain. The slopes of the curves in Fig.  8͑c͒ yielded shear modulus of 14± 5, 23± 5, and 43± 8 kPA for the 0.05, 0.07, and 0.14 g / ml gelatin, and 32± 5 kPA for the Versaflex CL2000X rubber.
D. Poisson's ratio: Comparison of compression and shear measurements:
The Young's modulus is known to relate to the shear modulus as
where is the Poisson's ratio. For gelatin and rubber materials, the Poisson's ratio is known to be 0.4-0.5. 9 To further validate the compressive elastic modulus and shear modulus measurements using a piezoelectric cantilever, in Fig. 9 we plot the compressive elastic modulus obtained from Fig. 7͑d͒ versus the shear modulus obtained from Fig. 8͑c͒ . The slope of the elastic modulus versus the shear modulus should yield the value for 2͑1+͒. From the slope in Fig. 9 , we obtained 2͑1+͒ = 2.8± 0.2 which indicated a Poisson's ratio of 0.4± 0.1, close to the expected value.
To verify the Poisson's ratio of the tested materials, we conducted the following experiment. Samples of 3 mm ϫ 3 mmϫ 3 mm were placed between two horizontal plates as schematically shown in Fig. 10 . Vertical displacements were generated by moving down the top horizontal plate and the corresponding lateral displacements were measured using the laser displacement. As an example, the resultant lateral x displacement versus the vertical z displacement of a Versaflex CL2000X rubber sample is shown in Fig. 11 . The data points shown in Fig. 11 were the average of ten measurements. The slope of Fig. 11 gives the Poisson's ratio, which was about 0.4± 0.1, in agreement with the value inferred from the slope of Fig. 9 . A similar value of the Poisson's ratio was also obtained for the three gelatin gel system ͑not shown͒. These results further validate the elastic modulus and shear modulus measurements of soft materials using a piezoelectric cantilever as examined in Secs. III B and III C.
V. ELASTIC AND SHEAR MEASUREMENTS FOR COMPRESSIVE STRAINS Ð1%
The above compressive tests were made for compressive strain Ͻ0.5% and the shear tests at shear strains Ͻ1%. These strains were smaller compared to strains used in typical softtissue mechanical tests. To confirm the results of the smallstrain measurements, we reduced the height of the Versaflex CL2000X rubber sample from 2.6 to 1 mm and applied voltages up to 20 V. The resultant stress versus strain curve for the compressive test ͑open squares͒ and that of the shear test ͑open circles͒ were shown in Figs. 12͑a͒ and 12͑b͒ . From the slopes of the stress versus strain curve, we obtained a Young's modulus of 98± 8 kPa and a shear modulus of 31± 5 kPa, in line with the values 94± 8 kPa for the elastic modulus and 31± 5 kPa for the shear modulus, obtained in the small-strain range. This validated the small strain results obtained in this study. Furthermore, with a larger strain range, the obtained ratio of the shear modulus to the Young's modulus was also closer to 1 / 3 and yielded a Poisson's ratio of 0.5 as expected.
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